We measured in vitro activity of plazomicin, a next-generation aminoglycoside, and other aminoglycosides against 50 carbapenem-resistant Klebsiella pneumoniae strains from two centers and correlated the results with the presence of various aminoglycoside-modifying enzymes (AMEs). Ninety-four percent of strains were sequence type 258 (ST258) clones, which exhibited 5 ompK36 genotypes; 80% and 10% of strains produced Klebsiella pneumoniae carbapenemase 2 (KPC-2) and KPC-3, respectively. Ninety-eight percent of strains possessed AMEs, including AAC(6=)-Ib (98%), APH(3=)-Ia (56%), AAC(3)-IV (38%), and ANT(2؆)-Ia (2%). Gentamicin, tobramycin, and amikacin nonsusceptibility rates were 40, 98, and 16%, respectively. Plazomicin MICs ranged from 0.25 to 1 g/ml. Tobramycin and plazomicin MICs correlated with gentamicin MICs (r ‫؍‬ 0.75 and 0.57, respectively). Plazomicin exerted bactericidal activity against 17% (1؋ MIC) and 94% (4؋ MIC) of strains. All strains with AAC(6=)-Ib were tobramycin-resistant; 16% were nonsusceptible to amikacin. AAC(6=)-Ib combined with another AME was associated with higher gentamicin, tobramycin, and plazomicin MICs than AAC(6=)-Ib alone (P ‫؍‬ 0.01, 0.0008, and 0.046, respectively). The presence of AAC(3)-IV in a strain was also associated with higher gentamicin, tobramycin, and plazomicin MICs (P ‫؍‬ 0.0006, P < 0.0001, and P ‫؍‬ 0.01, respectively). The combination of AAC(6=)-Ib and another AME, the presence of AAC(3)-IV, and the presence of APH(3=)-Ia were each associated with gentamicin resistance (P ‫؍‬ 0.0002, 0.003, and 0.01, respectively). In conclusion, carbapenem-resistant K. pneumoniae strains (including ST258 clones) exhibit highly diverse antimicrobial resistance genotypes and phenotypes. Plazomicin may offer a treatment option against strains resistant to other aminoglycosides. The development of molecular assays that predict antimicrobial responses among carbapenem-resistant K. pneumoniae strains should be a research priority.
C
arbapenem-resistant Klebsiella pneumoniae strains have emerged worldwide as important nosocomial pathogens, capable of causing infections with high rates of morbidity and mortality. Carbapenem resistance arises through production of metallo-␤-lactamases (MBLs) or non-metallo-carbapenemases (such as Klebsiella pneumoniae carbapenemases [KPCs] and OXA-type carbapenemases) (1) . Alternatively, strains may express extendedspectrum ␤-lactamases (ESBLs) or AmpC ␤-lactamases in conjunction with loss or decreased expression of outer membrane porins (OMPs) (2, 3) . In addition to determinants of carbapenem resistance, strains possess plasmids that carry genes that attenuate susceptibility to multiple classes of antimicrobials (4) . As a result, therapeutic options against carbapenem-resistant K. pneumoniae infections are extremely limited, and optimal treatment regimens remain undefined.
Aminoglycosides retain potent bactericidal activity against some but not all carbapenem-resistant K. pneumoniae strains (5) . Aminoglycoside resistance among Enterobacteriaceae is mediated by multiple mechanisms, including impaired membrane permeability, efflux mechanisms, ribosomal alterations, or expression of aminoglycoside-modifying enzymes (AMEs) (6) . AMEs are the most important determinant of aminoglycoside resistance among K. pneumoniae strains (7) . Plazomicin, a derivative of sisomicin, is a next-generation aminoglycoside that is in clinical development for the treatment of serious infections due to carbapenem-resistant Enterobacteriaceae. It has broad-spectrum in vitro activity against Klebsiella pneumoniae and other Gram-negative bacteria, including carbapenem-resistant strains (8) (9) (10) (11) (12) . The agent has side-chain substituents that shield it from the action of most AMEs. An exception is AAC(2)-I, an AME that renders Providencia stuartii intrinsically resistant to plazomicin (13) . To date, the only mechanism of plazomicin resistance demonstrated among carbapenem-resistant K. pneumoniae strains is expression of acquired 16S rRNA methyltransferase (14) . This ribosome-modifying enzyme has been primarily reported among strains in which production of New Delhi metallo-␤-lactamase-1 (NDM-1) is the mechanism of carbapenem resistance (15) . The vast majority of carbapenem-resistant K. pneumoniae strains in the United States are classified as sequence type 258 (ST258) clones by multilocus sequence typing (MLST), and produce KPC-2 or KPC-3 rather than NDM-1 (16) (17) (18) .
In this study, we evaluated the in vitro activity of plazomicin and clinically relevant aminoglycosides against 50 carbapenem-resistant K. pneumoniae strains from unique patients at two centers, including 47 ST258 strains. We screened the strains for the presence of four common AME genes in order to assess heterogeneity in resistance mechanisms and to identify genetic markers for diminished susceptibility to one or more agents.
MATERIALS AND METHODS
Clinical strains. Fifty K. pneumoniae clinical strains obtained from unique patients at the University of Pittsburgh Medical Center (UPMC) Presbyterian and Montefiore Hospitals, Pittsburgh, PA (n ϭ 41), and the University of Florida (UF) Health-Shands Hospital, Gainesville, FL (n ϭ 9), were included in this study. The strains were stored at Ϫ80°C and subcultured at least twice on Mueller-Hinton agar before use. Gentamicin, tobramycin, and amikacin were purchased from the UPMC pharmacy. Plazomicin was supplied by Achaogen, Inc. (South San Francisco, CA). Kanamycin, neomycin, and netilmicin were purchased from SigmaAldrich (St. Louis, MO). Stock solutions of antimicrobial agents were prepared and stored at Ϫ80°C in the XDR Pathogen Laboratory at UPMC, where experiments were conducted. MICs of the aminoglycosides were determined by the standard broth microdilution method. MICs of chloramphenicol, fluoroquinolones (ciprofloxacin, levofloxacin, and moxifloxacin), minocycline, tigecycline, and trimethoprim-sulfamethoxazole were measured using Etest strips (bioMérieux). Susceptible, intermediate, and resistant MICs were defined according to Clinical and Laboratory Standards Institute (CLSI) criteria (19) ; the Food and Drug Administration (FDA) breakpoint for susceptibility was used for tigecycline (Յ2 g/ml). Strains were typed by multilocus sequence typing (MLST), and mechanisms of carbapenem resistance determined using standard methods, as previously reported by our groups (20, 21) . Heterogeneity among strains was demonstrated by a combination of geographic origin, MLST typing, ompK36 genotypes, AME patterns, and MICs of various antimicrobials.
Detection of AME genes. All strains were examined by PCR for genes encoding the following common AMEs: AAC(6=)-Ib, AAC(3)-IV, ANT(2Љ)-Ia, and APH(3=)-Ia. Primers are listed in Table 1 (22) (23) (24) . We decided a priori that PCR would be performed to evaluate for the presence of 16S rRNA methyltransferase if a strain exhibited high-level resistance to gentamicin, tobramycin, and amikacin or exhibited a plazomicin MIC of Ն4 g/ml.
Time-kill assays. Time-kill assays were performed using a final volume of 20 ml of Mueller-Hinton broth and an initial inoculum of ϳ1 ϫ 10 6 CFU/ml (20, 25) . The plazomicin concentrations tested were 1ϫ and 4ϫ MIC. Bactericidal activity was defined as a Ն3-log 10 -CFU/ml decrease from the starting concentration. Strains that experienced bactericidal activity at any point during time-kill assays but then regrew by at least 2 log 10 were defined as having regrowth. Strains exhibiting regrowth at 4ϫ MIC were also tested at 16ϫ and 64ϫ MIC.
Statistical analysis. CFU and MICs were logarithmically transformed prior to statistical analysis. Graphics and statistical analysis were performed using Microsoft Excel (Redmond, WA) and GraphPad Instat and Prism software (La Jolla, CA). Comparisons between groups of antimicrobial agents were made by Fisher's exact test for categorical variables and the Mann-Whitney test for continuous variables. Correlations between pairs of variables were assessed by calculating Spearman's rank correlation coefficient. Significance was defined as P Յ 0.05 (two tailed).
RESULTS
Fifty carbapenem-resistant K. pneumoniae strains were tested, including 47 strains belonging to the ST258 clonal group. Among ST258 strains, there were 40 KPC-2 producers, 5 KPC-3 producers, and 2 non-KPC producers. The 3 non-ST258 strains were non-KPC producers. All KPC producers also harbored TEM-1 and SHV-12 genes. None of the strains carried NDM, IMP, VIM, or OXA-48 ␤-lactamase genes. Fifty-nine percent and 14% of strains were susceptible and intermediate to tigecycline, respectively. The corresponding rates for trimethoprim-sulfamethoxazole, minocycline, and chloramphenicol were 38 and 3%, 10 and 14%, and 3 and 24%, respectively. All strains were resistant to fluoroquinolones.
Aminoglycoside MICs. The activities of the aminoglycosides against the 50 strains are summarized in Table 2 and Fig. 1 . There were no associations between ST status, presence or type of KPC, ) and 2% (1/50) of strains, respectively. Plazomicin MICs were Յ1 g/ml (range, 0.25 to 1 g/ml); the MIC 50 and MIC 90 were 0.25 and 0.5 g/ml, respectively. Tobramycin and plazomicin MICs correlated with gentamicin MICs by Spearman's rank test (r ϭ 0.75, P Ͻ 0.0001, and r ϭ 0.57, P Ͻ 0.0001, respectively). Median tobramycin and plazomicin MICs were significantly higher against gentamicin-resistant strains than gentamicin-susceptible strains ( Fig. 1 and Table 2 ; P Ͻ 0.0001 and P ϭ 0.0008, respectively). Ten percent (3/30) and 40% (12/30) of gentamicinsusceptible strains exhibited plazomicin MICs of 1 and Ն0.5 g/ ml, respectively, compared to 45% (9/20) and 75% (15/20) of gentamicin-resistant strains (P ϭ 0.007 and 0.02, respectively). Amikacin MICs did not correlate with gentamicin MICs (r ϭ Ϫ0.02, P ϭ 0.88). Median amikacin MICs did not differ significantly against gentamicin-resistant or -susceptible strains ( Fig. 1 and Table 2 ).
Plazomicin time-kill curves. Eighteen strains were randomly selected to undergo time-kill assays. Representative kill curves for 3 strains are presented in Fig. 2 . Plazomicin exhibited dose-dependent killing against all strains. At 1ϫ MIC, bactericidal activity was evident against 17% (3/18) of the strains by 12 h. One of the three (33%) strains for which plazomicin was bactericidal exhibited subsequent regrowth by 24 h (Fig. 2) . At 4ϫ MIC, bactericidal activity was observed against 94% (17/18) of strains by 12 h; regrowth by 24 h occurred in 29% (5/17). Plazomicin showed sustained bactericidal activity at 16ϫ MIC or 64ϫ MIC against the 5 strains exhibiting regrowth at 4ϫ MIC, and no regrowth was apparent.
AMEs. At least one AME was detected in 98% (49/50) of strains. AAC(6=)-Ib was the most prevalent AME, detected in each of the 49 strains that harbored an AME. The rank order of prevalence for the other AMEs was APH(3=)-Ia (56% [28/50]), AAC(3)-IV (38% [19/50] ), and ANT(2Љ)-Ia (2% [1/50] ). None of the strains met the criteria for 16S rRNA methyltransferase testing. The distribution of AMEs, the AME combinations, and their associations with aminoglycoside MICs are shown in Table 3 . The one strain that did not have any of the AMEs was susceptible to all aminoglycosides (gentamicin, tobramycin, and amikacin MICs of 0.25, 0.25, and 1 g/ml, respectively) and exhibited a plazomicin MIC of 0.25 g/ml.
All strains with AAC(6=)-Ib were resistant to tobramycin. Ninety-four percent (16/17) and 6% (1/17) of the strains that carried AAC(6=)-Ib alone were gentamicin susceptible and resistant, respectively. The combination of AAC(6=)-Ib and at least one other AME was associated with significantly higher gentamicin, tobramycin, and plazomicin MICs than AAC(6=)-Ib alone (P ϭ 0.01, 0.0008 and 0.046, respectively) ( Table 3 ; Fig. 3 ). Among other AMEs, AAC(3)-IV made the strongest contribution to aminoglycoside MICs in combination with AAC(6=)-Ib. Gentamicin, tobramycin and plazomicin MICs were significantly higher against strains with AAC(3)-IV than against AME-carrying strains that lacked AAC(3)-IV (P ϭ 0.0006, P Ͻ 0.0001, and P ϭ 0.01, respectively) ( Table 3 ; Fig. 4) . Moreover, the triple combination of AAC(3)-IV, APH(3=)-Ia, and AAC(6=)-Ib was associated with significantly higher gentamicin, tobramycin, and plazomicin MICs than other AME-carrying strains (P ϭ 0.01, 0.001, and 0.03, respectively), whereas the double combination of APH(3=)-Ia and AAC(6=)-Ib was not (P ϭ 0.24, 0.20, and 0.50, respectively).
The presence of APH(3=)-Ia in any combination was associated with significantly higher gentamicin and tobramycin MICs than those observed in the absence of APH(3=)-Ia (P ϭ 0.03 and 0.048, respectively); the presence of APH(3=)-Ia showed a trend toward higher plazomicin MICs (P ϭ 0.13). The one strain with ANT(2Љ)-Ia also carried APH(3=)-Ia and AAC(6=)-Ib. Gentamicin and tobramycin MICs against this strain (32 and 64 g/ml, respectively) were higher than mean MICs against strains with only APH(3=)-Ia and AAC(6=)-Ib (0.5 and 16 g/ml, respectively). The combination of AAC(6=)-Ib with another AME, the presence of AAC(3)-IV, and the presence of APH(3=)-Ia were each significantly associated with gentamicin resistance (P ϭ 0.0002, 0.003, and 0.01, respectively) (Fig. 5 ). There were no correlations between AMEs and amikacin MICs or resistance (Table 3 ; Fig. 3  and 4) .
Heterogeneity of carbapenem-resistant K. pneumoniae strains. Strains were shown to be heterogeneous by a combination of geographic origin, MLST typing, ompK36 genotype, AME patterns, and MICs of various antimicrobials. Twenty-seven gentamicin-susceptible, ST258, KPC-2 producing strains exhibited five different ompK36 porin genotypes: 8 wild-type strains, 13 strains with guanine and alanine insertions at amino acids (aa) 134 and 135 (ins aa 134 to 135 GD), 3 strains with IS5 and 1 strain with IS1 insertion sequences within the promoter, 1 strain with an asparagine-asparagine-threonine-glutamic acid (NNTE) deletion at aa 84 to 87, and 1 with a guanine insertion at nucleotide (nt) position 382 (ins nt 382 G). These strains possessed various combinations of AMEs (AAC(6=)-Ib alone, AAC(6=)-Ib in combination with either AAC(3)-IV or APH(3=)-Ia, or AAC(6=)-Ib in combination with both AAC(3)-IV and APH(3=)-Ia). The strains also exhibited wide ranges of MICS for the 6 aminoglycosides tested (Table 2) .
Thirteen gentamicin-resistant, ST258, KPC-2-producing strains Table 2 ). The KPC-3-producing and non-KPC-producing strains (n ϭ 5 each) differed in multilocus sequence type, ompk36 genotype, AME pattern, and/or aminoglycoside MICs.
DISCUSSION
The most notable finding of this study was that strains exhibited remarkable AME diversity. Overall, we identified six AME patterns, which correlated with different levels of aminoglycoside resistance. This heterogeneity was apparent despite the fact that 94% of strains were ST258 clones. Indeed, ST258 strains were distinct by genotypes (presence of particular molecular mechanisms of antimicrobial resistance) and/or phenotypes (antimicrobial susceptibility profiles). Our data add to a growing body of evidence that ST258 K. pneumoniae strains are highly heterogenous, despite being considered clonal by conventional molecular epidemiologic criteria (5, (26) (27) (28) (29) (30) . We previously showed that differences in ompK36 genotypes and gene expression among ST258 strains at our center predict susceptibility or resistance to carbapenemcolistin combinations during time-kill assays (27, 29) . Recent studies from our group and others have demonstrated striking diversity in the core genome of ST258 K. pneumoniae strains, including strains recovered from patients at single centers or longitudinally from the bloodstreams of individual patients (26, 28) . Variations in plasmid content and number are associated with differences in multidrug resistance patterns (26) . ST258 strains also exhibit variability in capsular polysaccharide, pathogenesisrelated phenotypes, such as resistance to serum killing and virulence in a Galleria mellonella model of infection (30) . Taken together, the data indicate that "one size fits all" approaches to identifying effective antimicrobial regimens against carbapenem- resistant K. pneumoniae strains are not likely to be useful. Rather, increased effort should be given to establishing correlations between strain genetics and responsiveness to particular antimicrobial agents and combinations (27, 29) and then using these data to define how best to utilize new drugs.
Along these lines, plazomicin demonstrated excellent activity against all carbapenem-resistant K. pneumoniae strains, regardless of AME pattern or level of resistance to other agents. Plazomicin MICs ranged from 0.25 to 1 g/ml, concentrations at which pharmacokinetic-pharmacodynamic (PK-PD) models predicted that the overall probability of patients achieving plasma area under the concentration-time curve (AUC)/MIC ratio targets was Ͼ98% (31). Moreover, plazomicin was consistently bactericidal and inhibited regrowth during time-kill studies at Յ4 g/ml and Յ16 g/ml, respectively, concentrations that should be achievable within serum. Indeed, the target AUC from 0 to 24 h (AUC 0 -24 ) associated with plazomicin doses recommended in a phase 3 study of serious infections due to carbapenem-resistant Enterobacteriaceae was 262 g · h/ml, and mean maximum concentration of drug in serum (C max ) values ranged from 62 to 107 g/ml (Achaogen data on file). Our findings are consistent with previous studies that showed plazomicin to be highly active against Enterobacteriaceae that do not carry 16S rRNA methyltransferase (8, 10) . It is important to acknowledge that we did not test NDM-1-producing K. pneumoniae strains, which have been reported to harbor 16S rRNA methyltransferase. Nevertheless, our findings suggest that plazomicin, if used appropriately, will be an important addition to the antimicrobial armamentarium at a time of rapidly emerging antibiotic resistance among Enterobacteriaceae.
Of note, plazomicin MICs directly correlated with those of gentamicin (r ϭ 0.57, P Ͻ 0.0001). As a result, plazomicin MICs were higher against gentamicin-resistant than gentamicin-susceptible strains (P Ͻ 0.0001). This is the first description of a correlation between MICs of plazomicin and another aminoglycoside. In fact, correlations of this sort have not been systematically investigated, in large part because plazomicin MICs run low against almost all Enterobacteriaceae regardless of their susceptibility to other aminoglycosides. At present, the association would seem to be of little clinical significance, as the difference in median pla- zomicin MICs was only a single 2-fold dilution and occurred at concentrations that should still achieve PK-PD targets (31) . Nevertheless, the data suggest that some cross-resistance exists between plazomicin and other aminoglycosides. This situation may provide a foundation for the accumulation of additional mechanisms that further diminish susceptibility. Along related lines, 29% (5/17) of strains tested in time-kill assays exhibited regrowth in the presence of plazomicin at 4ϫ MIC. The findings may not be clinically relevant at the current plazomicin MIC distribution, and regrowth was completely suppressed at 16ϫ MIC. However, as MICs increase in the future, a propensity for regrowth during the course of infections in humans may create pressure for plazomicin resistance. Once plazomicin is introduced to clinical practice, providers must stay vigilant in prescribing the drug responsibly and using optimal dosing regimens to ensure that our in vitro data are not a harbinger of rapid emergence of resistance.
AAC(6=)-Ib was the backbone AME in this study, detected in 98% (49/50) of strains and associated with resistance to tobramycin but not gentamicin. The high prevalence of AAC(6=)-Ib is likely explained by the fact that the vast majority of our carbapenem-resistant K. pneumoniae isolates possessed ESBLs, as genes for AAC(6=)-Ib and ESBLs are known to localize to the same plasmid (32, 33) . In general keeping with our findings, previous studies have reported that AAC(6=)-Ib affects tobramycin and amikacin susceptibility, while sparing gentamicin (34) . The 6=-hydroxyethyl of plazomicin likely blocks access of AAC(6=)-Ib, thereby limiting its capacity to attenuate antimicrobial activity (13) . The addition of other AMEs to the AAC(6=)-Ib backbone, however, clearly resulted in significantly higher gentamicin, tobramycin, and plazomicin MICs, as well as gentamicin resistance. In fact, the presence of AAC(6=)-Ib and another AME was the strongest predictor of gentamicin resistance (Fig. 3) .
AAC(3)-IV was the key AME in conjunction with AAC(6=)-Ib. The double combination of AAC(3)-IV and AAC(6=)-Ib was present in only 8% (4/50) of the strains, but it was significantly linked to elevated tobramycin MICs and showed a trend toward elevated gentamicin MICs. In contrast, the double combination of APH(3=)-Ia and AAC(6=)-Ib was present in 24% (12/50) of strains, but it was not associated with higher MICs of any agent. The addition of AAC(3)-IV to the APH(3=)-Ia and AAC(6=)-Ib double combination, as occurred in 30% (15/50) of strains, resulted in strong associations with elevated gentamicin, tobramycin, and plazomicin MICs and gentamicin resistance. Overall, AAC(3)-IV and APH(3=)-Ia when part of any combination were both significant predictors of gentamicin resistance. AAC(3)-IV is known to confer gentamicin and tobramycin resistance among clinical strains of Escherichia coli (35) , but to our knowledge, it has not been reported previously in K. pneumoniae or significantly associated with higher plazomicin MICs. Our findings suggest that the 1-Nhydroxyaminobutyric acid within plazomicin may not confer full protection from inactivation by AAC(3)-IV (12) . APH(3=)-Ia cannot modify plazomicin because the drug lacks the target 3=-OH group, and it has not been linked to resistance to any of the agents in this study. Therefore, the association that we observed between the presence of APH(3=)-Ia and gentamicin resistance likely reflects the activity of other AMEs within strains. The data for ANT(2Љ)-Ia were too limited to comment upon its contribution to aminoglycoside MICs. ANT(2Љ)-Ia is always associated with other AMEs and confers resistance to gentamicin and tobramycin (36) .
Amikacin MICs did not correlate with gentamicin, tobramycin, or plazomicin MICs, nor did the presence of particular AMEs correspond with higher amikacin MICs. These observations are consistent with findings that AAC(3)-IV, APH(3=)-Ia, and ANT(2Љ)-Ia do not impact the activity of amikacin (37, 38) . We were unable to assess the previously reported impact of AAC(6=)-Ib on amikacin susceptibility since 98% (49/50) of our strains carried this enzyme. The issue was further complicated by that fact that amikacin nonsusceptibility was uncommon (14% [7/50] In conclusion, a full understanding of AMEs and other molecular mechanisms of diminished susceptibility to plazomicin and currently available aminoglycosides will allow clinicians to incorporate these agents most rationally into treatment regimens against carbapenem-resistant K. pneumoniae infections. The development of molecular assays that accurately and rapidly predict antimicrobial responses among carbapenem-resistant K. pneumoniae strains should be a top research priority.
